This study examined the effect of glass fiber posts on increasing the fracture resistance of endodontically treated teeth. Extracted upper premolars with two canals in a root were divided into three groups according to the number of posts they were restored with: none, one, or two. All teeth were endodontically treated, crown-sectioned, and restored with a composite core and a metallic crown. A static oblique load was applied to the restored tooth until fracture, and the fracture pattern was recorded. Stress distributions were examined by finite element analysis (FEA). Teeth with glass fiber post(s) showed significantly higher fracture loads compared with those without posts. In the premolars without posts, von Mises and maximum principal stresses were found on the root surface alone; in premolars restored with posts, stresses were distributed on both root and post surfaces. Risk of root dentin fracture was significantly lowest in teeth restored with two posts.
INTRODUCTION
Despite advances in restorative materials and procedures 1, 2) , vertical root fractures of pulpless teeth are still a common problem [3] [4] [5] . Minimal tooth cutting in restorative and endodontic procedures is the most effective way in preventing vertical root fractures in pulpless teeth 6) . However, teeth to be restored are often so badly damaged that they may even lack the coronal portion. Therefore, better restorative methods are needed to effectively reinforce pulpless teeth.
In recent years, various types of fiber posts were introduced. Clinicians have reported excellent longterm performance of pulpless teeth restored with a combination of fiber posts and resin cores in conjunction with dentin bonding systems [7] [8] [9] [10] [11] . In vitro studies showed that pulpless incisors restored with fiber posts had lower root fracture incidences compared with those restored with metallic posts [12] [13] [14] [15] [16] . An in vivo study examined the contribution of remaining coronal dentin and placement of a fiber post to the six-year survival of endodontically treated premolars 11) . Results showed that regardless of the restorative procedure, the preservation of at least one coronal wall significantly reduced failure risk 11) . In cases with very little remaining tooth structure, it remains to be established the best way of restoring pulpless multiple-root premolars with fiber posts.
Finite element analysis (FEA) has been used to examine stress distributions in pulpless teeth restored with different post-core systems [17] [18] [19] [20] . Elastic modulus mismatch between root dentin and post-core materials is known to cause stress concentrations. Previous studies have shown high stress concentration at the post interface of metallic posts compared with that of fiber posts 19, 20) . However, stress distributions in multiple-root molars restored with fiber posts have not been analyzed yet. In this study, stress distributions in double-root premolars under an oblique load were examined using FEA.
The purpose of this study was to examine whether the use of glass fiber posts would increase the fracture resistance of endodontically treated upper premolars. Fracture strength of premolars with double root canals restored with fiber posts was investigated in relation to stress distributions in the restored teeth when subjected to a static oblique load.
MATERIALS AND METHODS

Selection and endodontic treatment of teeth
Human upper premolars were stored in Hank's balanced solution at 4°C and used within 3 months following extraction. Premolars with double canals in a single root were selected for this study, and only those that were visually inspected to be free from caries and tooth fractures were used in the study. Bucco-palatal and mesio-distal dimensions and root lengths of all selected teeth were measured using digital calipers (Digimatic Caliper, Mitsutoyo, Tokyo, Japan). Selected teeth were divided into three groups (n=5 teeth per group) such that there were no significant differences among groups in terms of bucco-palatal and mesio-distal dimensions by means of the Bartlett's test and analysis of variance (ANOVA) at 95% level of confidence. Coronal sections of teeth to be restored with postcores were removed using a low-speed diamond saw (IsoMet III, Buehler, Lake Bluff, IL, USA) at 3 mm above the cementoenamel junction to prepare for a ferrule of 2 mm height. Teeth were then endodontically instrumented using #30 Ni-Ti files (RaCe, FKG Dentaire, La Chaux-de-Fonds, Switzerland), and root canals were obturated by a vertical condensation method using heated gutta-percha (Obturation Gutta NT, Yoshida, Tokyo, Japan).
Restoration with fiber posts and a resin core Premolars divided into three groups were restored as follows:
No-Post Group: Teeth were restored with a core alone without post preparation; One-Post Group: Teeth were restored with one fiber post inserted in the functional cusp site followed by core buildup; Two-Post Group: Teeth were restored with two fiber posts, one in each of the two post spaces, followed by core build-up. Figure 1 shows the restoration procedures of the pulpless premolars. In One-and Two-Post groups, post spaces were prepared to two-thirds of the root length by means of a preparation drill after the endodontic treatment (Fig. 1A) . In One-and Two-Post groups, each glass fiber post (Clearfil Fiber Post, Kuraray Noritake Dental, Tokyo, Japan) was pretreated with 25% phosphoric acid (K-Echant Gel, Kuraray Noritake Dental) at 25°C for 5 s. After rinsing with distilled water for 20 s, a silane coupling agent (Clearfil Ceramic Primer, Kuraray Noritake Dental) was applied to the fiber post surface. Dentin surface of post space was dried with a paper point to remove moisture before dentin adhesive (Clearfil DC Bond, Kuraray Noritake Dental) was applied and lightcured for 10 s with a light curing unit (Pen Cure, Morita, Osaka, Japan). Fiber post was seated in the post space and luted with a dual-cure composite (Clearfil DC Core Automix, Kuraray Noritake Dental) (Fig. 1B) , which was also used for the subsequent core build-up using a custom-made metallic mold (Figs. 1C and 1D ). The composite was light-cured for 40 s.
In the No-Post group, dual-cure composite alone was injected as a core build-up. To simulate the periodontal ligament, root surfaces of the restored premolars were coated with a polyvinylsiloxane impression material of approximately 200 μm thickness (Fig. 1E) .
All teeth were restored with a cast metal full coverage crown (Casting Gold Type IV, Morita), which was luted to the teeth with a dual-cure resin cement (Clearfil SA Luting, Kuraray Noritake Dental) (Fig.  1F) . Finally, the root of each specimen was embedded in an acrylic resin block at a depth of 2 mm below the cementoenamel junction (Fig. 1F) . All restored teeth were stored in 100% humidity at 37°C for 24 h prior to the fracture test.
Fracture test
Restored premolars were subjected to a fracture test conducted with a universal testing machine (Autograph AG-50kNX, Shimadzu, Kyoto, Japan). To simulate occlusal loading, a static 45-degree oblique load was applied to the center of the functional cusp of the restored teeth at a crosshead speed of 0.5 mm/min until internal cracking occurred, and the corresponding fracture load was recorded. Internal crack initiation was confirmed by means of a digital radiograph system (SMX-1000 Digital Microfocus X-ray TV System, Shimadzu), and the position and pattern of fracture were also recorded by a micro-CT system (R-mCT2, Rigaku, Tokyo, Japan). Fracture loads among the three groups were compared using one-way ANOVA and Scheffe's F test at a 95% level of confidence.
Finite element analysis (FEA)
A restored premolar sample from each group was scanned using a micro-CT machine (XT H 225, Nikon 
Risk-of-fracture analysis
Von Mises stress, maximum principal stress, and the risk of fracture (ROF) were calculated for the root, post, and core. ROF was calculated by dividing the peak maximum principal stress in each material by its tensile strength 20) . Tensile strengths of root dentin, fiber post, and composite core are shown in Table 1 . Note that the maximum principal stress is the most positive of the three principal stress components and was, in most cases, a tensile stress. Due to material and geometry mismatches, high stress concentrations could be found at the boundaries between the different components of the restored tooth, which might not have been adequately resolved due to the approximate nature of the finite element method. Therefore, the value of maximum principal stress used for calculating ROF was determined as the average of the top 1% of all maximum principal stress values 21) . When the peak maximum principal stress was lower than the tensile strength, i.e., when ROF value was lower than 1, the risk of fracture would be low. On the other hand, when the peak stress became close to the material's strength, i.e., when ROF approached 1, the risk of fracture would become high. The ROF calculated for the tooth without posts was considered the control. For the fiber post, ROF was calculated based on its transverse tensile strength, which was the lower of the two orthogonal directions.
RESULTS
Fracture strengths and the internal crack initiation positions of all the specimens are summarized in Table  2 . Premolars without a fiber post failed at the lowest fracture loads, while those with two posts showed the greatest resistance. The mean and standard deviation (SD) values of the fracture loads of No-Post, One-Post, and Two-Post groups were 647±158, 1,021±480, and 1,167±335 N respectively. Fracture strengths of OnePost and Two-Post groups were significantly higher than that of No-Post group. X-ray scan results showed that most fractures in One-and Two-Post groups involved cracking in the cervical and middle portions of the roots; while those in No-Post group involved a wider area including the apical portion ( Table 2 , Figs. 2 and 3) . It should be pointed out that the weakest specimens in the two groups with posts had fractures that extended into the apical region.
Ignoring the singular stresses near the point load, high von Mises stresses were found only on the root surface in the premolar without a post while they were found on both the root and post surfaces in premolars restored with posts ( Fig. 4a) . High maximum principal stresses were found on both the root and post surfaces (buccal side) in the Two-Post group; in No-Post and OnePost groups, they were mainly found on the root surface (Fig. 4b) . ROF values of the major components of the restored teeth and at their interfaces are summarized in Fig. 5 . The highest value occurred in the resin core of No-Post and One-Post groups, followed by values on the root surfaces of all three groups. The latter were only slightly higher than those at the post-core-dentin interfaces in No-Post and One-Post groups. ROF value at the interfaces between root dentin and post-core materials was significantly lower in the teeth restored with two fiber posts compared with the No-Post and One-Post groups.
DISCUSSION
FEA results showed that the maximum principal stress values, in particular those at the dentin-restoration interface, were lowest in the teeth restored with two fiber posts compared with those with no or one post. Therefore, they had a lower ROF value -which also accounted for their higher fracture resistance. The areas where cracks were found were different among the three experimental groups. Most of the teeth in No-Post group had cracks found in the entire root including the apical region; 80% of the teeth in One-and Two-Post groups had cracks located within the cervical and middle regions only. It was probable that once a crack was initiated in root dentin in the No-Post group, it rapidly propagated to the entire root since there was no reinforcing effect by post-core materials in its root space. Therefore, fiber posts help to reinforce pulpless teeth, especially in preventing cracks from reaching the apical region in the event of a tooth fracture. The main crack site was the buccal side of the tooth, which was predicted by FEA given the higher maximum principal stress values. Von Mises stress, in contrast, was not a good fracture indicator. Fracture generally originates from the area where the highest tensile stress is concentrated, and cracks propagate into the mechanically inferior areas of restored teeth 18, 21) . CT scan results showed that when subjected to oblique loading, all teeth restored with post-core systems fractured at the interface between the restoratives and root dentin (Fig.   3 ). CT scans also showed that these fractures originated from the adhesive interface between the core and root dentin. They then propagated down alongside a post and selectively in areas with inferior adhesion. Fracture origins were areas where the ROF was predicted to be high. Results of this study were supported by previous FEA findings, which showed that as the oblique force was transferred from the full crown to the root portion, stresses were concentrated in the cervical margin of the crown and post-dentin interface 17, 18) . In our previous study, it was confirmed that the fracture resistance of premolars restored with a fiber post and a composite core against static loading could apply and adequately represent that against dynamic loading 22, 23) . Therefore in this study, a static load was applied to premolars restored with a fiber post and a composite core. Large standard deviations were found in fracture testing results, although premolars with similar sizes and the same root canal morphology were selected for the test. A chief reason for such large standard deviations could be the difficulty in achieving good uniform adhesion between root dentin and post-core materials in a post space. When resinous materials are cured in a post space, the development of considerable shrinkage stress makes proper adhesion difficult, such that debonding of such materials from root dentin was observed as a common failure 22) . If root dentin shows inferior adhesion to restoratives, it could lead to catastrophic fracture of the restored teeth under loading. FEA results of this study showed that the interfaces between root dentin and post-core materials were areas with the highest stress concentration in all the experimental groups. These high stresses will expose any weaknesses within the dentin-post-core interfaces. All these results suggested that strong and durable adhesion between restorative materials and root dentin is critically important to the long-term restoration success of pulpless teeth. Otherwise, high stress concentrations in these areas will readily cause debonding and fracture of the restored teeth.
CONCLUSIONS
Within the limitations of this study, it was concluded that pulpless premolars restored with fiber posts showed higher fracture resistance against oblique loading, because stress was more effectively distributed over a larger area compared with those not restored with a post. Using fiber posts in conjunction with a composite resin core was effective in protecting the remaining structure of a pulpless premolar.
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